For the first time, a personal exposimeter (PEX) for 60 GHz radiation measurements is presented. The PEX is designed based on numerical simulations and both on-body and on-phantom calibration measurements to determine the antenna aperture and measurement uncertainty of the PEX. The measurement uncertainty of the PEX is quantified in terms of 50 and 95% prediction intervals of its response. A PEX consisting of three nodes (antennas) with VHH (vertical-horizontal-horizontal) polarization results in a 95% prediction interval of 6.6 dB. A 50% prediction interval of 1.3 dB (factor of 1.3) is obtained for measured power densities which is 3.1 dB lower than a single antenna experiment. The uncertainty is 19.7 dB smaller than that of existing commercial exposimeters at lower frequencies (≤6 GHz).
INTRODUCTION
Recent advances in 60 GHz communication systems have increased the interest of the research community in mm-wave interactions with the human body (1, 2) . This growing interest is associated with the concerns related to potential health effects. Safe usage of mmwave systems requires them to be compliant with international guidelines, such as those issued by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) (3) . The absorption of mm-waves is superficial (1) , therefore, incident power density (IPD) is used as a dosimetric quantity. For far-field exposures, the IPD limits are 1 mW/cm 2 (general public) and 5 mW/cm 2 (occupational exposure) averaged over 20 cm 2 of the exposed area (3) . Proposed exposimeters (PEMs) have been used to measure the IPD in the 0.1-6 GHz range (4) (5) (6) , for which a protocol has been developed (7) . PEMs' measurements are associated with a relatively large measurement uncertainty (8, 9) as they measure the total electric fields near the body instead of the incident electric fields or the IPD for which exposure limits are issued (3) . Recently, the interaction of a mobile terminal (phone call scenario) has been studied numerically at 60 GHz (10) . Moreover, previous dosimetric studies at these frequencies have been mainly focused on cells and animals exposure assessment (11, 12) . Recently, textile antennas (13) have been developed that allows for the development of wearable 60 GHz applications.
In this article, for the first time, a prototype of wearable on-body personal exposimeter (PEX) for the mm-wave band is presented. The PEX consists of three nodes (receiving antennas) to measure the IPD in realistic indoor environments, and is calibrated in anechoic conditions using a real human subject. The measurements and simulations are used to determine the measurement uncertainty of the proposed prototype.
MATERIALS AND METHODS
Firstly, the PEX is studied based on numerical simulations at 61 GHz. Secondly, the on-body calibration measurements on a real human subject are performed (at 61 GHz) to estimate its measurement uncertainty. The frequency range of the PEX is 58-63 GHz.
Antenna
The antenna used in this study ( Figure 1 ) is a microstrip-fed four-patch single-layer antenna array, operating in the 60-GHz band (14) . The antenna is printed on a thin RT Duroid 5880 substrate (h = 127 μm, ε = 2.2 r , δ = tan 0.003). The antenna has a total radiation efficiency of 60%, gain of 11.8 dBi and directivity of 13.9 dBi (at 60 GHz) in free space (14) . Figure 1 demonstrates the considered numerical model. The goal of the simulations is to determine the distribution of the on-body received power on the antenna. The finite-difference time-domain method is used for simulations. Since in the 60-GHz band the penetration depth into the skin is limited to 0.5 mm (1) , a homogeneous skin model is proposed (200 × 200 × 10 mm 3 ) for simulations to emulate the human body. The dielectric properties used for this model are taken from (15) (dry skin at 61 GHz: ε = 7.86 r , σ = 36.5 S/m). A non-uniform mesh with maximum grid step of 100 μm is used to resolve the skin model. The antenna is placed at 5.6 mm from the surface of the skin model, due to the geometry of the connector used in measurements. The connector and cable are not modeled. The absorbing boundary conditions are set to uniaxial perfectly matched layer with a thickness of 11 layers in the +z direction and eight layers in the other directions. The simulation time is set to 50 periods at 61 GHz, to reach a steady state condition. The entire geometry of the skin model and the antenna is meshed by 197 × 10 6 voxels. In order to determine the response of the antenna, first, a free space simulation is performed for the antenna only. In the second step, simulations are performed for the antenna near the skin model (5.6 mm). The quantity studied here is the response (R) of the antenna, which is the ratio of the median received power on-body ( ) p r body to the median received power in free space ( ) p r free :
Numerical modeling
The received power on an antenna can be determined from its aperture (16) :
where AA and S inc are the on-body antenna aperture and IPD, respectively. In order to calculate the onbody aperture of the antenna θ (φ ) AA , , the directive gain of the antenna
is extracted for azimuth angle (φ) and polar angle (θ) from numerical simulations as follows:
where η rad is the radiation efficiency, | | S 11 2 is the antenna's power reflection coefficient, and λ is the wavelength.
can be determined for two orthogonal polarizations on the incident electric fields: θ and φ, which are the polarizations parallel to the unity vectors θ 1 and ϕ 1 . For multiple plane waves incident on the antenna, the received power on the antenna is not necessarily equal to the sum of the incident powers induced by each single plane wave, since the incident plane waves can interfere with each other. Therefore, the received power (P r ) is calculated as a function of the incident electric fields (the sum of the induced voltages on the antenna) (6, 17) . A realistic far-field exposure scenario in the 60-GHz band for an indoor environment (conference room of IEEE 802.11 standard (18) ) is considered to determine the response of the simulated on-body antenna near the skin model. A Gaussian distribution with a cross polarization ratio of 20 dB is assumed for the indoor exposure scenario (18) . Also the phase (α) of plane waves is assumed to have a uniform distribution in the range of π < ψ < 0 2 . For θ and φ, samples are drawn from their distributions (18) . Figure 2 shows the measurement setup at 61 GHz. The on-body calibration consists of two types of measurements: free space and on-body (on a male subject's forearm and on a skin-equivalent phantom for comparison). The measurements are performed on an optical Table in a laboratory environment. Absorbers are placed on the surface of the Table and around the antennas to emulate anechoic conditions and to Top: schematic representation of the antenna (14) (at 5.6 mm from the skin) used for simulations and measurements.
Calibration measurement setup
Bottom: homogeneous skin model below the antenna. . The microstrip-fed antenna used for simulations is used as a receiver (RX) and is placed in the far field of the TX (49 cm). An Agilent PNA-X N5247A network analyzer is used to deliver a constant power (6 dBm) to the TX and to measure the on-body received power on the RX. The VNA has a dynamic range of 118 dB in the range of 58-63 GHz. The RX is fed with a V-connector that has a loss of about 0.8 dB (19) . Due to the asymmetric shape of RX and to account for any realistic polarization of TX, two orthogonal polarizations of the antennas are studied, horizontal (H) parallel to the surface of the Table and vertical (V) perpendicular to this surface.
In the first step, the free-space IPD S inc free is calculated using the Friis formula (16) .
Where P t is the output power of TX, R the distance between TX and RX and G t is the gain of the TX. The free-space IPD is then averaged over 20 cm 2 of the studied area (on the five positions) (3) . In the second step, the RX is placed horizontally on a semi-solid phantom that mimicks the dielectric properties of human skin in the measured frequency bands. This phantom has been proposed in (20) for the frequency range of 26.5-40 GHz. Recently, it has been shown that this phantom can emulate the dielectric properties of human skin up to 100 GHz with maximum 15% deviation (21) compared to (22) with 10% deviation. In this paper, the phantom is fabricated by mixing 428.5 grams gelatin powder (240 bloom, Carl Roth GmbH) with 1000 grams de-ionized water following the instructions proposed in (20) . The S-parameters of TX and RX (on the phantom) are measured and the received power on the RX is calculated from the measured power gain (| | S 21 2 ) at five positions as a function of azimuth (φ) as shown in Figure 2 (solid squares) for both H and V polarizations of the TX. Before every measurement on each position, the TX is rotated toward the RX (φ) until the maximum received power on the RX is measured. This ensures that the main beam of the TX is directed toward the RX.
In the third step, the RX is placed on a male subject's forearm and the received power is measured on the RX at five locations similar to the second step (Figure 2 ). Both polarizations of TX and RX are studied.
In the fourth step, three locations are selected for mounting the RX on the forearm (Figure 3 ) with a distance of 1λ and the received power is measured as a function of (φ) resulting in a distribution for the measured received power on each antenna: is the on-body received power on each antenna i.
Considering two polarizations for the TX and RX, 12 measurements are performed and the best combination of the three antennas on the forearm is determined based on the 50% prediction interval (PI 50 ) of the measurements. The on-body received power is averaged over the three antennas which reduced the PI 50 of the response
Using calibration data to process measurements in a real environment
During the measurements in the real environment a power (P r i for the same input power is obtained from the first step of calibration measurements. Next, ψ (φ ) AA , i values are determined for any realistic polarization (as the the sum of two orthogonal polarizations) (17) : A Gaussian distribution that is applicable for indoor 60 GHz communications is used (18) . During the calibration measurements the powers (φ) P r i H V , body, are registered for five angles (φ) as depicted in Figure 2 : −20°, −10°, 0°, 13°and 23°. The antenna apertures AA i are then calculated using Eq. (7). These antenna apertures AA i are determined for a realistic polarization ψ. Next, 1000 ψ-samples are generated for every measured power value and this is repeated during 1000 iterations. Calculating AA i , for every pair of (φ ψ)
, , results in a distribution of AA i for every antenna i. Figure 4 shows the simulated and measured (2048 points) power reflection coefficient (55-65 GHz) of the antenna in free space and on-body as well as on the skin phantom and skin model. The measured reflection coefficient ( S 11 ) remained almost the same for RX distances smaller than 5.6 mm (depending on the location of the nodes). At 61 GHz, the simulated antenna has a total radiation efficiency of 76%, a gain of 13.6 dBi and a directivity of 14.1 dBi in free space. The difference between measurement and simulation can be explained by the absence of connector and cable in the proposed numerical model as well as possible fabrication error of the antenna.
RESULTS AND DISCUSSION
The measured incident free space power density (on the location of RX and at the same height as TX) is 2.4 μW/cm 2 . Table 1 shows the median on-body antenna aperture obtained from calibration measurements for both H and V polarizations of the TX and RX. The measured antenna aperture for the horizontally (H) oriented RX on-body and on the skinequivalent phantom are in good agreement (8.3% difference body vs phantom and 17.7% acceptable agreement for body vs simulation). Due to the exclusion of the connector in simulations (lower power loss), simulated AA is higher than measured AA. Also, the results suggest that the absorbed energy for the body is slightly higher than the phantom which leads to a lower received power on the antenna on body and thus a lower AA value for the body with respect to the phantom.
The difference between the determined antenna aperture for two H and V polarizations of the RX in Table 1 is due to the asymmetric structure of the RX. This is due to the different attenuation between two polarizations at mm-wave bands and strong dependence of reflection and transmission coefficients on the angle of incidence (1, 2) . The simulated median received power on the antenna is 1.2 nW for the antenna at 5.6 mm from the skin model and 1.6 nW in free space. Figure 5 shows the on-body measured received power for V and H polarizations of the RX and TX on the phantom and forearm.
The response is determined using Eq. (1) and is equal to 0.8 (−0.96 dB), 0.75 (−1.25 dB) and 0.72 (−1.4 dB) for one-antenna calibration measurements on body, measurements on the phantom and for simulations on the phantom, respectively. This indicates underestimation of the incident electric fields with respect to free space values. This conclusion is also obtained for exposure assessment at frequencies ≤6 GHz (6, 8) . Figure 6 compares the lowest simulated and measured PI 50 and PI 95 (which are measures for uncertainty of the response ( (φ) R meas ) of the PEX consisting of 1, 2 and three antennas (best combination)) on the subject's forearm as shown in Figure 3 . For simulations, the received power P r (see section Numerical modeling) is calculated from the on-body antenna aperture for 1, 2 and three antennas on the numerical skin model (Figures 1 and 3) . The antennas are placed on the skin as shown in Figure 3 . The value of simulated PI 95 is reduced from 21.4 to 17.6 dB and 12.2 dB for three, two and one antenna, respectively. Also the PI 50 value is reduced from 7 dB (1 antenna) to 5 dB (2 antennas) and 3.2 dB (3 antennas), which is an improvement of 3.8 dB.
For the measurements, The value of PI 50 is reduced from 4.4 to 3.6 dB and 1.3 dB for three, two and one antenna, respectively. Thus an improvement of 3.1 dB is obtained. Also a PI 50 of 3.1 dB on S inc has been reported for a distributed exposimeter at lower frequencies (≤6 GHz) (23) which is 1.8 dB higher than the PI 50 of our PEM at 61 GHz. Our PEM has an improved PI 50 of 16.6 dB (1 antenna) and 19.7 dB (3 antennas) compared to the PI 50 of commercial PEMs (up to 21 dB) at lower frequencies (8) . Also the PI 95 value is reduced from 15.4 dB (1 antenna) to 6.6 dB (2 and three antennas), which is an 8.8 dB improvement. The PI 95 is 11.9 dB lower than that of a commercial exposimeter in an indoor scenario (18.5 dB at 900 MHz) (9) . CONCLUSION A mm-wave PEX is proposed using a limited number of wearable antennas. All results, whether using numerical simulations or calibration measurements, show that using a combination of multiple antennas, the PEM has good accuracy. An improvement of 3-9 dB is obtained (from simulations and measurements) for three antennas compared to a single antenna experiment and 19.7 dB compared to the commercial exposimeters at lower frequencies (≤6 GHz). The proposed prototype is the first 60 GHz PEX and to the authors' best knowledge no data are available in the literature. Future work will consist of developing the PEX for an improved wearability and considering diffuse fields exposure in a 60 GHz reverberation chamber. 
